INTRODUCTION
As a result of increasing complexity in mechanisms of control, attention has been directed towards certain aspects of motor skill which are found to be of particular importance in the design of machines for human operation. A typical function is that of tracking, in which the operator is required to maintain alignment continuously between an indicator and some moving object or point, as in training a telescope, controlling an airplane, or driving an automobile.
The present experiments were undertaken to study the rate and time patterns which occur when an S is required to make corrective movements in response to suddenly presented error-displacements. For exploratory purposes, an experimental method is employed similar to that which the engineer uses to study the output error of mechanical transmission systems in response to step input functions.
Normally, the response of a mechanism under power control is not direct and instantaneous. It invariably involves certain time lags and is sometimes a fairly complex function of the control handle input movements. Similar statements can be made of the operator, who amplifies, modifies, and contributes time delays in the process of transferring data from his own input, represented by the visual presentation, to the control handle. An essential feature of the tracking situation is that the final output of the machine represents input to the tracker, while the tracker's output, in turn, becomes input to the machine. This circular situation is roughly continuous, and some degree of interaction necessarily results between response characteristics of the machine and, those of the man.
To the engineer, it is important that the output of the machine is fed back into the machine as input, being modified in the process by the man's errors of tracking. When the man is replaced by an automatic tracking device (or some other electro-mechanical feedback) such a system consti-* The writers are indebted to Dr. Alston S. Householder, Dr. Carl H. Wedell, Dr. Robert Y> Walker, and Mr. William W, Lambert for material contributions to apparatus and aid in formulating problems during early stages of these experiments.
The opinions or assertions contained herein are the private ones of the writers and are not to be construed as official or reflecting the views of the Navy Department or the naval service at large. 615 tutes a 'closed cycle control system,' or servomechanism. The operation of such a system is extremely complex, but methods have been developed for evaluating its performance in continuous operation when certain data are known regarding the transmission properties of its component mechanisms. These data, relating to power output, frequency relations, time lags, and amplitude distortion, are normally obtained by laboratory measurement, rather than by calculation, and by analyzing the outputs which occur in response to controlled step function or sine wave inputs. Functions of separate components are then combined in a series of differential equations. Certain assumptions must be made regarding additivity and linearity, but it has been found possible by using these equations to predict with reasonable accuracy the performance of the system in final operation. 1 It is of interest that engineers have been led to this operational type of study for such systems, due to the very complexity in structure and function of the mechanical components. As Ellson (2) has pointed out, the method represents a direct parallel in engineering to the behavioral approach in psychology, wherein the basic measurements of input ,and output for a transmission system correspond with those of stimulus and response for an organism. A number of psychologists have suggested that the engineer's advance methods of quantitative analysis might be applied with profit to the study of human motor behavior. Such application would be especially useful in the case of skills in machine operation, since it would permit combining the operator's characteristics with those of the mechanical parts. The immediate difficulty with this proposal, however, arises from the basic assumptions of continuity, additivity, and linearity, which, although reasonable in the case of mechanical transmission systems, are known to be generally untrue of human response. 8 Craik (i), for example, has emphasized the notion that human operator response to momentary inputs is basically discontinuous, the apparent continuity of output under some conditions being a reflection of central control which integrates and extrapolates from past data. An increasing body of evidence tends to indicate that the engineer's present equations, complex as they are, are still far too simple to handle the human response relations adequately.
There is, nevertheless, a need for experimental data from which it may be determined, on the one hand, what specific extensions of present theory are required, and on the other, to what extent certain relations may be fitted into existing practice as useful approximations. The fact is well established that the operator's performance is better in some systems than in others. Accuracy and smoothness of operation are significantly affected, for example, when a change is made in gear ratio, inertia, or the aided tracking time constant. From this it may be inferred that the operator does have certain transmission characteristics which are relatively consistent and which, if 1 A detailed explanation of essential principles of this technique, termed 'Operational Analysis,' is contained in the interesting paper by Ellson (2) . 2 The 'linearity' requirement in servo theory refers not only to linearity in the ordinary mathematical sense, but also implies (a) that response values are independent of time and (b) that the normal response at any time is a function only of past values of the input (3, p. 29). Thus, such factors as learning, fatigue, and anticipation constitute sources of nonlinearity in the human. known, could be used to advantage in determining optimum characteristics for other parts of the system. The experiments described below represent an initial, exploratory investigation of response to step input displacements of position. Interest is centered, in particular, on measures of reaction time, maximum rate, duration, and precision of corrective movements when these are treated as functions of the magnitude of presented displacements. Further considerations relate to the influence of individual differences, training, and modification of control with respect to sensitivity, inertia, and friction.
APPARATUS
The Ss' corrective movements were recorded as pencil tracings of target lines which had been printed on flat sheets of paper. The apparatus employed was a device for moving the paper at constant speed behind a narrow horizontal slit, through which only a small segment of the target line was visible to the subject at any one instant. The sheets were 8J in. by 14. in. in size, and . -'FiG. I. Test apparatus as used in Experiments III and IV were driven through the device lengthwise at the rate of 7j cm. per sec. Thus, each sheet required approximately \\ sec. to-run through. The target line, being printed as a straight line running lengthwise on the paper and having a jog in the middle, appeared through the slit to be stationary at one position on the sheet for about two or three sec., then to shift suddenly to one side and remain stationary in the new position.
The S 'tracked' by keeping the point of a pencil as nearly on the line as possible at all times. In the first experiments (Experiments I and II) this was done by holding the pencil in the hand. The S stood looking downward at the presentation and making his corrections by moving his hand in the horizontal plane either right-left or backward-forward, depending upon whether he stood in front of or to the side of the device. A modification of the original device was made for subsequent experiments in order to standardize the pencil position relative to the paper for all Ss and also to permit introducing changes in friction, inertia, and sensitivity of the control movement. The pencil was mounted on a horizontal slide and its movement was controlled remotely by means of a knob which was connected to the slide through a cord and pulley arrangement, as illustrated in Figs. I and 2. The arrangement permitted using either a r:i or a 3:1 ratio of knob-to-pencil motion. Also shown in Fig. i are the inertia weights and friction wheel, which were not connected to the knob slide except in the experiment dealing specifically with those variables (Experiment IV). The use of frictionless bearings and light materials throughout reduced the amounts of friction and inertia in the slide-pulley mechanism to negligible quantities. What little friction was present resulted from pressure of the pencil lead on the moving paper.
PROCEDURES
The various conditions studied have been summarized in the list of experiments which appears in Table I .
The purpose of the first experiment was to investigate the relation' between size of the presented displacement and maximum rate of the corrective movement. Displacements presented to the Ss required both right-going and left-going excursion's of 5, 10, 20, 30, 40, 60, and 80 mm. in size. These were presented to each' S in a series which included 10 repetitions of each size and direction (140 excursions in all), arranged in a predetermined random order. Ss were instructed to hold the pencil point exactly on the printed line, making each correction as quickly and accurately as possible.
In the second experiment, Ss stood to one side of the apparatus in such a position as to convert the left-right displacements into backward-forward (i.e., coming and going) movements of the hand in the horizontal plane. The pencil was held in the S's hand in both of the first two experiments.
The apparatus was used in the form illustrated in Fig. I for Experiments III and IV. Instructions to the Ss were similar, and random order series of presentations were used throughout. The number of Ss, directions of presented displacements, and'other conditions were varied-as indicated in Table I. TABLE I  CONDITIONS OF THE FOUR 30 mm.
FIG. 3.
Reaction time (R.T.) is measured as the distance between the occurrence of the presented displacement and the beginning of the corrective response. The maximum rate attained during the movement is computed as the slope (tangent) of angle A multiplied by the paper speed of 7.5 cm./sec. D is the duration of the response; e, measured in millimeters, is the error. The illustration shbws 'overshoots' for the 5 and 60 mm., and an 'undershoot' in the case of the 30 mm. displacement. Fig. 3 is a reproduction of the typical responses obtained to three sizes of displacements, the 5, 40, and 60 mm. sizes. The solid line in each case represents the printed target line, while the dotted lines are tracings of actual responses. A time scale has been added to the illustration representing lengthwise distances of the paper as it moved through the device at a constant rate of speed.
RESPONSE MEASURES
The maximum rate of speed reached during the course of the movement was obtained by the method which is indicated in the illustration of the 60 mm. excursion: the maximum slope of the line was determined by measuring its angular departure from the base, and this slope was multiplied by the longitudinal paper speed to obtain maximum rate in cm. per sec.
The S's reaction time (RT) and the time from beginning to the completion of the response (D) were measured as distances on the paper and converted into seconds. The latter value, duration, represents an inverse measure of the average rate of movement.
Consideration was given in all cases only to the first, major corrective movement in reaching the new position. Emphasis was placed in the instructions to Ss upon making the correction in a single movement, ending the movement as closely as possible to the new target line position. Hence, accuracy was measured as the difference (in mm.) between the target line and the point at which this first response ended. A statistical measure of precision was then computed as the standard deviation (i.e., variability) of these errors. Individual records in which the point of termination of the first response was unclear were omitted from the data analysis.
RESULTS

Maximum rate vs. size of displacement
When the maximum rate measures are compared for the varying sizes of presented displacements, a clearcut tendency is found in the case of each S for correction rate to increase steadily as the magnitude of the 'error' increases. In Fig. 4 are shown the average curves for Experiments I and II, in which it may be seen that a definite positive relation exists between rate and size of displacement for all four directions of movement which were studied. It is evident by comparing the four curves that rates are generally highest for right-going and forward movements, and lowest for movements in the backward direction. The increase in each case is approximately linear for distances up to 60 mm., but beyond that point the curves show a definite tendency to level off.
The latter finding suggest that a physiological limit is being approached in the correction rates which are reached at the 80 mm. movement. However, the variations among curves for individual Ss, as well as variations for a given S with learning and other conditions, prevent drawing definite conclusions regarding the exact form of these rate curves. Each S differs from the others not only with respect to the absolute level of rates, but also with respect to the SIZC Or MCSEHTCO BISPLACCMCHT FIG. 5. Individual maximum rate curves for five Ss linearity of his curve. This is illustrated by Fig. 5 , which shows the curves for the five Ss of Experiment III. Of the five curves, two (B and E) are distinctly rectilinear, while the other three are negatively accelerated. A series of eight runs for a single S yielded the rate curves which are shown in Fig. 6 . Here it is apparent that a given S shows some degree of inconsistency in his rates from trial to trial, both in form of the curve and average level. The variations appear to be related to a slight extent to the order in which the trials occurred, and therefore indicate some degree of learning. However, the fact that trials 7 and 8 show as much curvature, and as low rates at the 80 mm. excursion, as do trials I to 4 indicates that other sources of variation have a significant influence on the rates which are made at each trial. These curves suggest that the S's temporary 'set' for speed and accuracy are important in determining the form of his rate curve at each trial.
Two conclusions appear to be justified by the above results: (i) The maximum rate of a corrective movement shows a distinct and '5"I6 "*6 lo 40
FIG. 6. Curves of maximum rate for one S on eight successive trials systematic increase with increasing distances of the movement; (2) no exact form of this relation can be specified. It approximates a straight line in some cases, having a positive slope and positivey-intercept, but often varies in the direction of becoming a negatively accelerated curve in the region of higher rates and longer excursions.
Reaction time
The average reaction time for all sizes of movements, computed for a total of 3360 responses by the six Ss of Experiment IV, was found to be 0.257 sec. Reaction time shows no important variation as a function of displacement size, as may be observed in the upper solid line curve of Fig. 7 , although the responses for 20 and 30 mm. appear to be slightly faster than others. A comparison of mean times yields the following results:
Mean of 5, 10, 40, 60, and 80: 0.262 sec.
Mean of 20 and 30: 0.245 sec.
Difference: 0.017 sec. /-ratio:
6.82' 3 Based on the six cases, this ratio represents a probability of less than .001 that the obtained difference would occur by chance.
The difference of 17 msec.,'therefore, indicates a slightly greater readiness on the part of all Ss to respond to these two displacement magnitudes. This results presumably, not from the absolute sizes of movements, but because 20 and 30 mm. represent middle values in the randomly presented series of sizes and, as such, were probably perceived on the average in less time. This 'range effect' has been noticed in connection with other. measures and will be discussed further belpWi The indication is, in general, that Ss do not give comparable responses to, the extreme high or low values in a presented series. 
Response duration
The mean values of response duration for the six Ss of Experiment IV are represented in the upper dashed line curve of Fig. 7 . It may be seen that duration increases steadily as a function of the required hand movement. It is apparent, however, that the increase in time is by no means proportional to the increase in distance moved. Thus the 86 mm. movement, which is 16 times as great as the five mm., requires less than twice as long to make. This is consistent with the previously noted relation between maximum rate and distance, and implies that average rate would show a similar result; Average rate {computed from the measured response durations) and maximum rate are plotted together in the graph of Fig. 8 for purposes of comparison. Here, considering for the moment only the average rate curve, it may be noted that between the five mm. and 80 mm. excursions rate increases from 4 cm./sec. to 32 cm./sec., or about eight times. Thus, the average speed of movement does not increase in full proportion to the distance traversed, but it tends to do so much more nearly than does response duration. : The evident tendency is for time of response to remain constant, regardless of distance, while rate increases in proportion to the extent of movement. The slight but reliable increase in duration may be taken as indicating the degree to which complete constancy is not achieved.
Effect of Hand-to-Pointer Ratio
Results have been discussed in the preceding with reference only to the situation in which the i: I ratio of hand-knob to observed line and pencil movement was employed. In Experiment III a set of responses for each of the five Ss was also obtained at the 3:1 ratio, i.e., with the cord and pulley arrangement altered as shown in the diagram of Fig. 2 . The experimental series was presented in the case of each S following a sample of practice excursions on the new ratio. No systematic study was made of learning during these practice trials, but it was noted that each S adapted very quickly to the changed condition, in most cases making an 'appropriate' response after only one or two trial movements. Presented displacements were identical to those employed with the I: I ratio. This meant that the observed pencil movements were equal in the case of both ratios (varying from five to 80 mm.), while the required hand movements were lengthened by exactly three times in the case of the 3:1 condition.
Results for the maximum rate measure are presented in the curves of Fig. 9 . The solid line curve represents rate against displacement size for the I: I ratio and is identical with that shown in the preceding Fig. 8 . The two dashed line curves drawn for the 3:1 ratio represent rate against distance, in the one case, for rate and extent of movement at the hand, and in the other, for movement of the pointer. (The upper curve, therefore, is identical with the lower except that both ordinate and abscissal values are multiplied by three.) Considering, first, the two lower curves, it may be seen that rates for the two ratios are essentially equal at the smaller excursions (below 30 mm.), while for the longer movements, 3:1 rates become progressively slower than the corresponding I: I rates. Since both of these curves represent measurements taken directly from the printed sheets, their similarity indicates the extent to which the perceptual achievements in the two cases were alike. This is not altogether surprising, in view of the general finding that rate increases with distance, i.e., since an exact proportionality of rate with distance would cause all such curves to be superimposed, regardless of the hand-to-pointer ratio. A direct comparison of hand rates, however, indicates that the motor performance is not the same, as may be seen by comparing the I : I curve with the upper dashed line curve, which represents the rates and distances of actual hand movement at the 3: i ratio. Here, within the overlapping range of distances for which data were obtained, it is evident that the 3:1 rates were consistently higher. A similar result occurred in the case of the measures of precision. As shown in the curves of Fig. 9 , precision of observed pointer movement is consistently better at the 3: i ratio than at the l: I. The difference is relatively slight, however, when compared with the difference in precision of actual hand movement, in which the 3:1 ratio is definitely worse.
The present result clearly indicates that the actual level at which responses are made is influenced significantly by the perceptual aspects of the experimental situation, or by factors of internal set and expectancy which may vary with the conditions of presentation. Most directly, the increase in rates at the 3:1 ratio may be explained as a result of the reduced speed of perceived pencil movement, for which the Ss involuntarily compensate by making faster hand movements. This explanation implies that the Ss are attempting to make each correction in a certain length of time, regardless of the required effort, and that their increased speed is therefore a necessary means of preventing an undue increase in time of response. As was noted previously, response duration does change only slightly with wide variations in size of displacement.
There are other possible influences which should be considered. One of these is the 'range effect,' which was mentioned previously in connection with the reaction time measures. When displacements of varying sizes are presented in random order, Ss' responses to any given -size of displacement appear to be influenced by their relation to other sizes in the series, so that optimal responses occur to displacements which are somewhere near the middle in magnitude. Although the nature of this effect has not been investigated with any thoroughness in the present series of experiments, there are indications that rates are definitely too low at the upper end of a series, and too high at the lower end. The probable explanation appears to be that the S's 'set' for responding to the average-size displacement influences all of his responses in the direction of the expected size, producing a clockwise rotation of the rate curve. It is difficult to estimate the amount of such an influence, but it seems likely that the higher level of 3:1 hand rates (in the region of movements from 15 to 80 mm.) may be accounted for at least in part by the greater range and average size of movements in the 3: i series.
It was evident at times that the rates achieved were also influenced by the extent to which individual Ss were differentially concerned with accuracy, although identical instructions were given to all Ss throughout the series of experiments. The highest rates were made by-Ss who paid the least attention to terminating their excursions exactly on the line, and in the case of one or two Ss whose rates showed a temporary marked! increase, the increase was accompanied by loss of precision. Other indications that accuracy is in general negatively correlated with rate are found in (a) the observation that accuracy decreases with increasing size, of displacement (whereas rate increases), (b) the increase in accuracy with added inertia (where rate decreases), and (c) the present case of change in ratio, in which, as may be observed by comparing the two graphs in Fig. 9 , the amounts of error and the rates achieved show the same relative patterns for the three conditions. In general, it is undoubtedly true that the S's own 'tolerance' for error exerts a limiting influence on his rate of movement, such that when he tries very hard to be precise his rate of movement naturally becomes slower. Since the curves of Fig. 9 indicate that Ss permit themselves approximately the same amount of visual error at both ratios, and since error increases only slightly with size of displacement, a given distance of hand movement is made with lower precision at the 3:1 ratio and can, consequently, be made at a higher rate.
Effects of friction and inertia
Data were obtained in Experiment IV under each of the following three conditions: (i) Control condition, in which minimum values of friction and inertia were present in the apparatus. These were determined by measurement to be 2*2 ounces and 5.8 ounces, respectively. (2) Friction condition, in which 18 ounces of friction was added by means of the wheel illustrated in Fig. I . Attached to the shaft of the wheel at the rear is a dry disc type of ; clutch which can be adjusted to provide friction in varying amounts. The value specified, 18 ounces, was determined as the amount of running friction at the average rate of movement. Starting friction is -slightly higher with this type of device, although the running friction was found to maintain a fairly constant value over widely varying rates of movement. (3) Inertia condition, in which 112 ounces of inertia was added by means of the weight and pulley arrangement,shown in Fig. I .
The amounts of additional friction and inertia in conditions (i) and (2) were chosen arbitrarily, since the purpose of these tests was largely to explore the nature of possible effects, rather than to determine the exact parameters. They were sufficient in each case to give a distinctly different ^feel' of the control knob as against the minimum Conditions.
Data were taken only at the r:i ratio of knob-to-pointer movement. Two complete sets oi responses were obtained from each of the six Ss for inertia and friction conditions and four sets for the control condition. A set consisted of 20 responses to each of the seven sizes of presented displacements, all requiring right-going movements to correct.
Results are shown in Fig. 10 , which presents the curves of response duration, maximum rate, and precision for each of the three conditions. Referring to the curves, it may be observed that in general, friction and inertia have exactly opposite effects with respect to all three of the measures in question. Whereas inertia produces a decrease in rates and a slightly better precision, friction produces an increase in the rates and a decrease in precision of the movements.
These curves, although plotted from average values for the group of Ss, are generally typical of the effect upon individuals with only one or two minor exceptions. One S, for example, showed somewhat better precision with friction at the longer movements (30, 40, 60, and 80 mm.) than in the control series. Another S differed from the group as a whole in that his maximum rates were consistently lower with Jriction than without* The same S's response durations, however, were shorter for the friction condition, indicating that his average rates and maximum rates were differentially affected. Since the response duration measure showed a more marked effect for other Ss as well, the inference may be drawn that friction acts in such a way as to change the acceleration characteristics of individual responses. Briefly, it may be assumed that the presence of friction reduces the overall response time by speeding up both the accelerating and decelerating phases of the movement, without necessarily increasing the maximum rate.
DISCUSSION
The most consistent relation appearing throughout this series of studies is that between the rate and extent of a corrective movement. It may be stated as a general conclusion that rate increases with distance, since the relation has been found to hold for movements to the right, left, forward, and backward, for changes in sensitivity, and when appreciable amounts of friction or inertia are added to the control knob. No attempt has been made in the present study to investigate the causes of this relation, although it is of interest to inquire further into the nature of the sensori-motor principles involved. Questions arise as to whether, when errors of increasing extent are perceived, the resulting increase in rates of arm motion implies that differences must occur in the central organization of the response or whether, on the other hand, the increasing rates can be accounted for purely in terms of the physics of muscular movements. As regards the latter possibility, it is evident that to some degree, at least, a higher rate of arm motion can be developed if the accelerating force is applied for a longer period of time. It is known from the present experiment that response duration does increase, but whether or not the increase is sufficient to account for the marked change in rates cannot be determined in the absence of direct measures of the accelerations. A further study of this problem has already been made and will be reported in a succeeding paper (4) .
However, it may be inferred from the observation that response durations are generally shorter than reaction times (Fig. 7) that a kind of intermittency must exist in the stimulus-response loop, since each movement is brought to a complete stop before the visual signal of diminished error has had time to influence the stopping: Thus, as regards the human tracker's function as a servomechanism, there is indication that certain 'open-loop' phases occur during successive corrections in the tracking process, although it is apparent that an overall closed-loop situation exists. The indicated hypothesis is that during the interval of reaction time, the error is perceived, the response is organized, and an integrated temporal pattern of nerve impulses is triggered off. Judging from the present data, it seems unlikely that this pattern can be altered during its course in response to stimuli which occur after the pattern has been initiated.
SUMMARY
Using a simple test apparatus, Ss were required to make armhand corrective movements of five to 80 millimeters in extent. Measures of reaction time, response duration, maximum rate, and accuracy are analyzed as a function of direction and extent of movement, sensitivity of the control knob, friction, and inertia.
1. The maximum rate and average rate of a movement increase systematically with increasing extent of the movement. The relation is approximately linear in most cases, although the increase is not strictly proportional because of a slight but reliable increase in response duration with the longer movements. Reaction times are relatively independent of the distance to be moved.
2. In the situations studied, rates are highest for movements from left to right and are successively lower for forward, left, and backward movements.
3. When control sensitivity is changed to a ratio of 3:1, the relations between rate and distance are altered with respect to both pointer and knob movements. For movements of comparable distance in each case, rates at the pointer are slightly lower, and rates at the hand are higher at the 3: i than at the i: I ratio. In general, the operator tends to compensate for the change in sensitivity in such a way as to produce nearly the same perceived result with respect to both rate and accuracy.
4. The addition of an appreciable amount of inertia to the control knob causes the rates to be decreased for given distances of movement and the precision to be slightly improved. With additional friction, on the other hand, the responses are speeded up and precision is definitely lower than when minimum friction is present in the apparatus.
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